The aim of this study is to provide understanding of microgravity effects on important food-borne bacteria, Escherichia coli O157:H7 ATCC 35150, ATCC 43889, and ATCC 43895, cultured in nutrient-rich or minimal medium. Physiological characteristics, such as growth (measured by optical density and plating), cell morphology, and pH, were monitored under low-shear modeled microgravity (LSMMG; space conditions) and normal gravity (NG; Earth conditions). In nutrient-rich medium, all strains except ATCC 35150 showed significantly higher optical density after 6 h of culture under LSMMG conditions than under NG conditions (P < 0.05). LSMMG-cultured cells were approximately 1.8 times larger than NG-cultured cells at 24 h; therefore, it was assumed that the increase in optical density was due to the size of individual cells rather than an increase in the cell population. The higher pH of the NG cultures relative to that of the LSMMG cultures suggests that nitrogen metabolism was slower in the latter. After 24 h of culturing in minimal media, LSMMG-cultured cells had an optical density 1.3 times higher than that of NG-cultured cells; thus, the higher optical density in the LSMMG cultures may be due to an increase in both cell size and number. Since bacteria actively grew under LSMMG conditions in minimal medium despite the lower pH, it is of some concern that LSMMG-cultured E. coli O157:H7 may be able to adapt well to acidic environments. These changes may be caused by changes in nutrient metabolism under LSMMG conditions, although this needs to be demonstrated in future studies.
M
icrogravity, a major factor that represents the environmental conditions in space, induces various changes in organisms (1) . The human immune system becomes weaker in space, and microgravity is thought to induce changes by affecting the distribution of body fluids as well as through other as-yet-unidentified mechanisms (2) (3) (4) (5) (6) . A classic theoretical study of microorganisms in a "space environment" concluded that microgravity conditions had no discernible effect on cells less than 10 m in diameter, including bacteria (7) . However, recent studies show that microgravity conditions do have an effect on bacterial growth kinetics and stress resistance, both of which are increased under such conditions (8) (9) (10) (11) (12) . Therefore, these robust pathogens could pose a threat to human health in space, particularly if they contaminate foods and infect immunocompromised individuals.
Opportunistic pathogens have been isolated despite efforts to control microorganisms within spacecraft (13) (14) (15) (16) . Previous studies show that microorganisms are ubiquitous in spacecraft, with crew members or ground-supplied materials being the predominant sources of bacterial contamination (13, 17, 18) . Because such pathogens could multiply and contaminate other materials within a closed environment in which the air, water, and food supplies are recycled, they may pose a severe health risk. Subsequent studies of microorganisms in a space environment focused on Staphylococcus, Bacillus, and Pseudomonas; these bacteria are ubiquitous in the natural environment and may contaminate devices/surfaces and cause health-related problems (14, (19) (20) (21) . However, few studies have examined food-borne pathogens under microgravity conditions, and none have studied Escherichia coli O157:H7, a food-borne pathogen that can cause serious illness and even death.
E. coli O157:H7 can contaminate food and water and cause hemorrhagic colitis and hemolytic-uremic syndrome (22) (23) (24) .
Several outbreaks of E. coli O157:H7 in acidic foods, such as apple cider and mayonnaise, have raised concerns about the acid tolerance of this pathogen (25) (26) (27) (28) . Several studies examined the survival of E. coli O157:H7 in acidic foods and identified acid-resistant and acid-adaptable strains (26, (29) (30) (31) (32) . The pathogen can survive under harsh conditions, and as few as 10 microorganisms have the potential to contaminate food/water consumed by crew members and cause gastrointestinal disease (22) . Infectious diseases are difficult to deal with in a space environment; therefore, comprehensive studies on the behavior of this pathogen under microgravity conditions are warranted.
During space flight, bacteria may be exposed to different forms of environmental stress. One example is nutrient change. Microbiotas are often subjected to different nutrient conditions in the natural environment (33) ; therefore, examining the behavior of bacteria under those conditions in a space environment would be useful. Here, we examined changes in the physiological properties of three strains of E. coli O157:H7 (two acid-resistant strains and one acid-adaptable strain) cultured in rich Luria-Bertani (LB) medium or in nutrient-poor M9 minimal medium under simulated microgravity conditions. Low-shear modeled microgravity (LSMMG) and normal gravity (NG) conditions were simulated in the laboratory using devices specially designed by NASA: a high-aspect ratio vessel (HARV) rotary cell culture system. We then examined (i) bacterial growth, (ii) morphology, and (iii) the pH of the cell cultures under LSMMG and NG conditions.
MATERIALS AND METHODS
Preparation of bacterial strains. All studies were performed using the E. coli O157:H7 strains ATCC 35150 (acid resistant; human feces isolate), ATCC 43889 (acid adaptable; human feces isolate), and ATCC 43895 (acid resistant; ground beef isolate), considering the various acid resistance and isolation source of the bacteria (32) . All strains were obtained from the Food Microbiology Culture Collection at Korea University (Seoul, Republic of Korea) and stored at Ϫ20°C in LB medium (Difco, Sparks, MD) containing 20% glycerol. For the experiments, each strain was grown overnight in LB medium or in M9 minimal medium (SigmaAldrich, St. Louis, MO) containing 0.4% glucose (Sigma-Aldrich) at 37°C on a shaking incubator at 225 rpm (VS-8480S; Vision Scientific, Seoul, Republic of Korea). The turbidity of the culture was measured in a SmartSpec Plus spectrophotometer (Bio-Rad, Hercules, CA).
Simulation of low-shear modeled microgravity and normal gravity. Static overnight cultures in LB medium or in M9 minimal medium containing 0.4% glucose were diluted 1:500 and 1:150, respectively, in fresh medium to achieve an optical density at 600 nm (OD 600 ) of 0.01. To produce LSMMG and NG conditions, the diluted cell cultures were introduced into a 50-ml HARV apparatus (Synthecon, Houston, TX). The HARV supplies a gentle "orbit" of fluid to the bacterial cells such that they can be maintained under low-shear and low-turbulence conditions (34) . The filled HARV (with zero headspace) was rotated at 25 rpm around a horizontal axis to generate LSMMG conditions (Fig. 1A) , of which gravitational force was reduced by centrifugal and other force and around a vertical axis to generate NG conditions (Fig. 1B) . All incubations were performed at 37°C. A gas-permeable membrane of the HARV allowed constant air exchange during the bacterial growth.
Growth measurements. (i) Optical density measurements. A sterile 5-ml syringe was used to remove 1 ml of cell culture through a port on the front plate of the HARV after 0, 3, 6, 12, 24, and 48 h of culture. Zero headspace within the HARV was maintained by adding an equal amount of M9 minimal medium with no glucose. Bacterial growth was monitored by measuring the OD 600 (Bio-Rad). Each experiment was repeated six times.
(ii) Plate counting method. The plate counting method was used to determine the cell populations under LSMMG and NG conditions. Briefly, 1 ml of cell culture was removed from each vessel after 6 and 24 h of cultivation, which represent the mid-exponential and stationary growth phases, respectively. The samples were serially diluted 10-fold in M9 minimal medium with no glucose. The diluted samples (100 l) were spread plated on duplicate LB agar plates and incubated for 24 h at 37°C. Colonies were counted and bacterial counts were expressed as log CFU/ ml. Each experiment was repeated six times.
Scanning electron microscopy. Morphological changes in E. coli O157:H7 cells cultured under LSMMG and NG conditions were observed by scanning electron microscopy (SEM). Cells were cultured in LB or M9 minimal medium for 24 h, removed from the vessel, and then fixed by overnight immersion in modified Karnovsky's fixative (2% paraformaldehyde and 2% glutaraldehyde in 0.05 M sodium cacodylate buffer) (35) . After fixation, bacterial cells were collected on polycarbonate membranes (Whatman Nuclepore Track-Etch, 25 mm, 0.2-m pore size; Dassel, Germany), which were placed in filter funnels and then washed three times in 0.05 M sodium cacodylate buffer. The samples were postfixed in 2% osmium tetroxide in 0.1 M cacodylate buffer for 2 h and then dehydrated through a graded series of ethanol solutions (30, 50, 70, 80, 90, and 100%; three times for 10 min in each solution). Bacterial cells on the polycarbonate membranes were immersed twice in 100% hexamethyldisilazane (each for 10 min) and dried for 2 h. The dried membranes were then mounted on stubs, coated with gold, and examined by SEM (JSM 5410LV; JEOL, Tokyo, Japan). SEM image analysis of each bacterial cell (n ϭ 100 per group; 10 bacterial cells were randomly selected at 10 spots) was performed using ImageJ software (U.S. National Institutes of Health, Bethesda, MD; http://rsbweb.nih.gov/ij/) and normalized according to diameter (m) and area (m 2 ). pH measurements. Changes in the pH of the cell cultures were measured with an S20 SevenEasy pH meter (Mettler Toledo, Schwerzenbach, Switzerland). The pH meter was sequentially calibrated with commercially available two-point standard buffer solutions at pH 7.00 and pH 4.01 (Mettler Toledo). Samples were removed from the cultures over the course of 48 h (0, 3, 6, 12, 24, and 48 h), and the pH was measured at room temperature.
Statistical analysis. SAS software version 9.1 (SAS Institute, Inc., Cary, NC) was used for all data analysis. Data were evaluated using a general linear model for variance analysis. Tukey's test was used to determine the significance of the differences (P Ͻ 0.05, P Ͻ 0.01, and P Ͻ 0.001) in bacterial growth and pH in the tested E. coli O157:H7 cultures under LSMMG and NG conditions.
RESULTS
Growth kinetics of E. coli O157:H7 in nutrient-rich medium. The growth curves of bacteria cultured in nutrient-rich LB medium are plotted based on the optical density at 600 nm (Fig. 2) . In general, the growth patterns of E. coli O157:H7 cultured under different gravity conditions were not significantly different for the first 3 h of cultivation (P Ͼ 0.05); however, there was a marked difference at later times. While there was no significant difference in growth between E. coli O157:H7 ATCC 35150 cultured under LSMMG and NG conditions at 6 to 12 h, the growth of strains ATCC 43889 and ATCC 43895 was significantly greater under LSMMG conditions at 6 (both P Ͻ 0.01) and at 12 h (P Ͻ 0.01 for ATCC 43889 and P Ͻ 0.05 for ATCC 43895). After 24 h, the optical density remained constant, indicating that the cells had reached the stationary phase (the exception was ATCC 43889 cultured under NG conditions, which reached the stationary phase after 6 h). Of the three strains of E. coli O157:H7 tested, ATCC 43889 showed the greatest difference in growth under LSMMG and NG conditions, which appeared to be due to the very low optical density values when cultured under NG conditions (Fig.  1B) . All strains achieved high optical densities after 24 h of culture under LSMMG conditions (LSMMG, 3.42 to 3.77; NG, 0.88 to 2.54; P Ͻ 0.001). At the end of the culture period (48 h), there were marked differences in the growth of bacteria cultured under LSMMG and NG conditions (LSMMG, 3.36 to 3.57; NG, 1.26 to 2.89; P Ͻ 0.01 for ATCC 35150 and 43895 and P Ͻ 0.001 for ATCC 43889). The viability of the cells cultured in LB medium was examined using a conventional plate counting method (Table  1) . Unlike the results obtained using optical density measurements, there was no significant difference of the viable population between LSMMG and NG conditions at any time point (P Ͼ 0.05).
However, the number of bacterial cells under LSMMG conditions tended to be greater than that under NG conditions. After 6 h of culture, the cell populations under LSMMG and NG conditions were 9.29 to 9.51 and 9.18 to 9.27 log CFU/ml, respectively. After 24 h, these increased to 9.78 to 10.0 log CFU/ml under LSMMG conditions and to 9.65 to 9.90 log CFU/ml under NG conditions. Growth kinetics of E. coli O157:H7 cultured in minimal medium. The growth curves for bacteria cultured in M9 minimal medium containing 0.4% glucose are shown in Fig. 3 . There were no significant differences in the exponential growth of E. coli O157:H7 strains cultured under different gravity conditions (from 0 to 12 h) (P Ͼ 0.05). However, differences between LSMMG and NG conditions were observed after 12 h (stationary phase). At 24 h, cells cultured under LSMMG conditions reached a higher optical density than cells cultured under NG conditions (LSMMG, 1.00 to 1.37; NG, 0.58 to 0.91; P Ͻ 0.01). A similar pattern was seen after 48 h (LSMMG, 1.06 to 1.19; NG, 0.52 to 0.62; P Ͻ 0.05 for ATCC 35150 and P Ͻ 0.01 for all others).
The viability of the cells cultured in M9 minimal medium was Data represent the means Ϯ standard errors (SE) from six independent experiments. Optical density measurements under LSSMG conditions were significantly higher than those under NG conditions (*, P Ͻ 0.05; **, P Ͻ 0.01; and ***, P Ͻ 0.001).
also examined using a conventional plate-counting method (Table 1 ). There was no difference in the number of viable bacteria at 6 h between LSMMG and NG conditions; however, the numbers of viable cells after culture for 24 h under LSMMG conditions were significantly greater than those after culture under NG conditions (LSMMG, 9.09 to 9.13 log CFU/ml; NG, 8.47 to 8.95 log CFU/ml; P Ͻ 0.05). The difference between LSMMG-and NGcultured cells at 24 h was 0.17 to 0.31 log CFU/ml, which means Bacterial morphology visualized by scanning electron microscopy. We performed SEM analysis to examine changes in the morphology of bacteria cultured under LSMMG and NG conditions. Bacterial cells were cultured in LB medium or in M9 minimal medium under LSMMG and NG conditions for 24 h (regarded as the initial stationary phase). The SEM images of E. coli O157:H7 cells under LSMMG conditions revealed a notable difference in morphology compared with that of NG-cultured cells (Fig. 4 and 5) . Bacterial cells cultured in LB medium under LSMMG conditions adopted a longish rod shape, whereas their NG counterparts were smaller and oval shaped. Cells cultured in M9 minimal medium showed shrunken cell membranes due to the lower pH (this was not observed in cells cultured in LB medium). In addition, cells cultured under LSMMG conditions tended to be larger than those cultured under NG conditions. To obtain a more meaningful comparison of cell sizes, we randomly selected bacterial cells at 10 different spots (n ϭ 100 per group) and analyzed them using the ImageJ program (Table 2) . pH measurements. Changes in pH of the cultures were measured over the time of cultivation in the HARV bioreactors ( Table  3 ). The initial pH of the cell cultures in LB medium was 7.06 to 7.09, indicating neutral conditions. The pH of the culture medium decreased during the first 3 h of culture (LSMMG, 6.29 to 6.54; NG, 6.35 to 6.67). The only significant difference in pH between LSMMG and NG conditions was noted for ATCC 43895 (P Ͻ 0.05). After 3 h, the pH of the cultures gradually increased, with the gap between the LSMMG and NG cultures widening up until 6 h. The pH under LSMMG conditions was significantly lower than that under NG conditions at 6 and 12 h (P Ͻ 0.05). However, this trend was reversed after 24 h, i.e., the pH of the LSMMG cultures was higher at the end of the culture period (LSMMG, 8.25 to 8.35; NG, 8.04 to 8.19; P Ͻ 0.05).
Changes in the pH of the cultures grown in M9 minimal medium are shown in Table 4 . The initial pH was 7.01 to 7.06, indicating neutral conditions. The pH of the LSMMG cultures decreased up until 24 h (pH 5.11 to 5.50) before increasing again up until 48 h; the exception was ATCC 35150 cultured under LSMMG conditions, in which the pH was maintained after 24 h. 
DISCUSSION
Several studies have examined bacterial growth under microgravity conditions (20, (36) (37) (38) (39) (40) (41) (42) . The early study of microbes in a space environment reported that the growth of E. coli was no different in space than on Earth (36). Gasset et al. showed that the generation time of E. coli grown under microgravity conditions was slightly reduced compared with that of their NG counterparts, but there were no changes in bacterial cell size (37) . Subsequent investigations of E. coli under LSMMG conditions reported a shortened lag phase, a longer exponential phase, and a doubling of the final cell population (38) (39) (40) (41) . Bacillus subtilis showed properties similar to those of E. coli, i.e., bacterial growth started earlier and was faster than that of the control (20) . Wilson et al. also reported that LSMMG conditions reduced the generation time of Salmonella cultured in M9 minimal medium (42) . Here, we showed that three strains of E. coli O157:H7 grew better under LSMMG conditions than under NG conditions. The growth rates of bacterial cells cultured in LB and M9 minimal media under LSMMG and NG conditions differed after 3 and 12 h, respectively, with the optical density of LSMMG cultures being much higher than that of NG cultures. These results suggest that E. coli O157:H7 might grow more vigorously under microgravity conditions regardless of the nutrient conditions. Of the three strains of E. coli O157:H7 tested, E. coli O157:H7 ATCC 43889 produced a different growth curve in LB medium under NG conditions. The bacteria reached the stationary state much earlier under NG conditions, showing much lower optical densities than cells cultured under LSMMG conditions. However, this result was not confirmed by the plate counts.
Optical density is a measure of (i) bacterial population and (ii) the size of individual cells. Under LSMMG conditions, the cell plating experiments did not confirm the large increase in optical density when cultured in LB medium. We assume that this must be due to an increase in the size of individual cells. The optical density of E. coli O157:H7 ATCC 35150 cultured under LSMMG conditions for 24 h was twice that of cells cultured under NG conditions; however, the plate counts were not significantly different (P Ͼ 0.05). As shown in Table 2 , cells cultured under LSMMG conditions were approximately 1.8 times larger than those cultured under NG conditions; thus, the higher optical density of the LSMMG cultures may be due to an increase in cell size. Similar morphological changes observed in other strains (data not shown) and higher LSMMG/NG ratios of optical density support the assumption.
A second assumption for the effects of microgravity on E. coli O157:H7 concerns active bacterial growth under microgravity in the minimal media. Both the optical density and number of CFU/ml of E. coli O157:H7 were significantly higher under LSMMG conditions than under NG conditions. In the case of ATCC 35150, the optical density under LSMMG conditions was 1.5 times that under NG conditions, and the plate counts were twice as high. Cells cultured under LSMMG conditions were 1.3 times larger than those cultured under NG conditions. Thus, we believe that the size of the cell population and the morphological characteristics of the bacteria themselves might have resulted in the high optical density when cultured in M9 medium under LSMMG conditions. The reasons for these changes may be related to the different metabolic responses of E. coli O157:H7 under different culture conditions. LB medium is a nutrient-rich medium, and the main ingredients are tryptone, yeast extract, and NaCl. M9 is a minimal medium often used for direct comparison with LB medium.
In the present study, changes in pH due to bacterial metabolism were observed under different nutrient conditions. When cultured in LB medium, bacteria metabolize carbohydrates first; thus, the pH of the culture falls due to the production of acidic by-products, such as acetate (43) . Since LB medium has a low carbohydrate concentration, cells metabolize amino acids, which makes the medium more alkaline (44) . During the first 3 h of culture in LB medium, E. coli O157:H7 metabolized carbohydrate and the pH of the cultures decreased. There was no difference between the pH of the medium under LSMMG and NG conditions during this period. We assume that the similarity in pHs may be due to the cells not being exposed to microgravity for a sufficient length of time for it to affect carbohydrate metabolism. The higher pH of the NG cultures after 3 to 6 h suggests that nitrogen metabolism by cells during the exponential phase of growth under LSMMG conditions was slower than that of cells cultured under NG conditions (Table 3) . As the trend of pH was reversed after 24 h, it is assumed that the initial slow nitrogen metabolism of LSMMG cultures caused there to be a lot of nitrogen left in the cultures, and then E. coli O157:H7 may have metabolized the nutrients actively to maintain its large size.
When E. coli O157:H7 cells were cultured in M9 minimal medium, the bacteria metabolized glucose and produced acidic byproducts; therefore, the pH of the cultures fell (Table 4) . There was no difference in the pH of cultures under NG or LSMMG conditions. These results suggest that microgravity has little effect on sugar metabolism by E. coli O157:H7. At the end of the exponential phase, the bacteria encounter a stressful environment due to a lack of nutrients, the accumulation of waste materials, and increased cell mass (45) . In M9 minimal medium, the acidic conditions resulting from glucose metabolism may act as a stress factor that inhibits bacterial growth, even if nutrients are still present in the medium. Despite the lower pH of the LSMMG cultures, the optical density and CFU/ml were much higher than those of cultures grown under NG conditions. This may support the hypothesis that cells cultured under LSMMG conditions may be more resistant to acidic conditions and that bacterial cells could survive by utilizing the remaining nutrients. However, the stress resistance of E. coli O157:H7 under LSMMG conditions needs further investigation if we are to obtain clear evidence to support this hypothesis.
To summarize, the present study found that bacterial cells cultured under microgravity conditions increased in size. To the best of our knowledge, no studies have reported changes in the size and shape of pathogenic bacteria cultured under LSMMG conditions. These findings further strengthen the notion that LSMMG enhances the growth of bacterial cells. It is thought that microgravity affects the metabolism of nutrients by E. coli O157:H7. However, the changes in pH observed in the present study are not sufficient to fully reflect changes in bacterial metabolism, and further studies are needed to identify the specific mechanism(s) underlying nutrient metabolism under these conditions. Such studies may provide scientific clues that will contribute to further understanding of the physiology of E. coli O157:H7, particularly under conditions that mimic a space environment.
